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EAD AND L« O. GRONDAHL. 


INTRODUCTIO 


Shortly after the entrance ef the United States into the 
these experiments wore begun by Professor Whitehead, at the 
request of Major Ralph D. Morshon, Engineers, U. 5. Re, assigned to 
duty with tho Naval Consulting Board, and in general charge of work 
conducted the Special Problems Committee, B. 0. Lamme, Chairman, 


The fundamental idea on which the experiments are based was first 


suggested by Major (now Lieutenant Colonel) Mershon. 


In June, 1917, Professor Whitehead was commissioned Major, 
Engineers, U. S. Re, and lator assigned to duty th the Naval Con- 
sulting Board, for the continuation of this work. 

first experiments wore conducted in the Laboratory of 
Electrical Engineering of Th versity, | timore, 
Mde, with consent a: otive cooperation of the University 
authorities. y far the larger part of the experimental equipment 
for el imore tests, as woll as that for tho tosts at Annapolis 
and on shipboard, was loaned by the University. In addition, its 
power plant and the services of its shop and office forces were freely 


drawn upon. 


periment Station, 
assistance was given by Rear Adm 1 ' Head of 


and his 








Through the Special Boa of the Navy Department at Now 
London, Submarine Chaser No. 326 ior Annapolis, was put 
at the disposal of the Naval Consulting Board for the tests afloate 
Every courtesy and facility was offered by Rear Admiral Edward Lloyd, 
and by Chief Boatswain 1 1 ar ; "5. 0. $3260, and 
his crews 

Important assistance was also rendered by the engineering 
staffs of séveral manufacturing companies, particularly those of the 
Westinghouse Electric 4 Manufacturing Coe, the Wostern Electric Coe, 


and tho Weston Electrical Instrument Coe 


Especial thanks are due Dr. W. B. Kouwenhoven, Associate 


Professor of Electrical Engimeering, Johns Hopkins University, during 


y atages of the work, and throughout to Mr. Joseph Weil, 
assistant, Frank Skrivan, electrician, and Sam Styers, mechanician, 


for enthusiastic and expert services. 





SUMMARY OF RESULTS. 


If a submarine approaches a vessel carrying a magnet excited 
by alternating current, the submarino will be magnetised or will have 
electric currents set up its hull. Either phenomenon will distort 
the original field of the magnet. 

If a detecting coil be placed in the undistorted field and 
the electromotive force in it be completely neutralized, when the 
submarine appreaches an alternating current will be set up in the 
detecting coil. 

Laboratory tests of the above plan were conducted with 
submarine models 10 ft. longs The results are shown to agree with 
underlying theory, and served for the design of larger equipment. 

Detection tests, using steel surface vessels, were con- 
dusted at Annapolis with magnet and coils on shore. The results 
corroborated the predictions from the sarlier laboratory tosts. 

Jetestion tests were conducted afloat with equipment es- 
pecially constructed for assembly on Submarine Chaser 26, a wooden 
vessel 110 7%. long. Surface vessels were used in these tosts. 

All of the results agree approximately with formulae devel- 
oped for the design of the equipment, and indicate that by a sufficient 
increase in the size of the equipment 1% should be possible, in quiet 


water, to reach distances of detection up to 500 ft. The weight of 


the equipment necessary for this purpose would be in the neighborhood 


of 8000 pounds, 
Distances of detection in the neighborhood of 200 ft. were 
obtained with the equipment on Submarine Chaser #326. The weight of 


this equipment was about 4500 pounds. 





The extreme accuracy 


necessary in the électric adjustments 
impose a serious, if not prohibitive, limitation on the use of the 
device in rough water, or under sudden changes of the speed or the 
course of the shipe 

Conclusions are drawn as to the directions in which improve- 
ment may be looked for, es regards bo detoction and sta- 
bility in rough water, 

A number of in esting auxiliary experiments on the limits 
of sensitivity, olim tior f disturbances, accurate speed control, 
etc., are described in a series of appendices. 

An investigation, of the possibility of using the steel 


hull of а vessel as a magnet, extended through a series of laboratory 


tests, but could not be carried furthor. (See Appendix н), 





SUBMARINE DETECTION IN AN RNATING MAGNETIC FIELD. 


GENERAL DESORIPTION, 


Of the various devices suggested for the detection of a sub- 
merged submarine, probably the simplest d most obvious are those 
making use of tho magnetic and electrical properties of the hull. If 
the submarine comes into a magnetic field it becomes magnetised and 
consequently its presence may be detected by suitable measuring instru- 
ments. For example, if a detecting vessel carries a magnet or is 
itself magnetised, a submarine in its neighborhood will become magnet- 
ised. A suitable detecting instrument on the detecting or searching 
vessel will thon indicate the presence of the submarine, particularly 
if the instrument is compensated against the influence of the field 
of the magnet itself. 

If the magnet be excited by alternating current, the magnet- 
io field will be alternating. The principle of the device tested in 
the experiments described in thie paper will be best understood from 


the following deseription by Lieutenant Colonel Ralph D. Mershon, 


Corps of Engineess, U. 8. A., to whom the suggestion is originally 


due, and whose constant interest and cooperation have contributed 
largely to whatever success has attended the progress and results of 
the work: 

"An alternating magnetic field may be made use of to detect 
and to locate invisible objects, provided the object to be so de- 
tected and lecated has certain characteristics.” 

"(a) If the object s magnetic properties and is not sap- 


able of having currents induced in it, then it must bo either more 





magnetic (more permeable), or less magnetic th: the volume of the 


surrounding medium which it displaces." 

"(b) If the object has 5 etic properties it must be 
Capable of having currents induced in it either more readily or less 
readily, 6., it must be either more conducting or less conduct- 

to induced currents) t n the volume of the surrounding medium 
which the object displaces.” 

"(e) If the object falls in both of the classes (a) and 
(b), that is, if it is either more magn magnetic, and at 
the same time is either more conducting or less conducting than ime 
morsing medium, then, in general, it may be detectable or not detect- 
able, depending upon the particular combination of the two qualities 
it has, and the frequency employed.” 

"If th method of detection and location be applied to the 
submarine problem the conditions we shall expect to meet are these; 

ther the object, the submarine, will be non-magnetic and more con- 
ducting ti the volume of the immersing medium ch it displaces; 
as, for insta if it were mado of bronze or of non-magnetic steel. 
Or it will be more magnetic (more permeable) than the immersing medium 
and more conducting than the immersing medium; as,for instance, if it 
is made of magnetic steel.” 

"In the former case it must be detected by means of currents 
induced in it. In the latter caso it may be detested either by cur- 
rents induced in it, or by magnetic properties. But, in general, 
it cannot be detected by both, since they tend to act oppositely. 
And there will be some frequency at which the induced current effects 
and the magnetic effects will practically neutralise each other, so 


hat at this particular frequency the submarine cannot be detected.” 





"Detection by ans of induced currents is better carried 
out by an alternating field of relatively high frequency; while de- 
tection through magnetic properties isa better accomplished by an 
alternating field of low frequency.” 

"The most promising method so far proposed forthe detece 
tion of submarines by an nating metie field is thie; An al- 
ternating magnetic field is set an alternating current magnet 
having an epen magnotio - a straight bar magnet so designed 
as to give as far reaching and as strong a field as is practicable. 
In the field of t agn and as far away from it as is practica- 
ble, is located a d 6 ng 11 Т may bo located with its 
plane parallel to ti 3 p by the nagnet, in which 
caso it will theoretically have no voltage induced in it by the 
magnet itself; or, it may be located with ite plane not parallel to 
the lines of force, in which caso the voltage induced in it by the 
alternating field set up by the magnet must be balanced out by 


another electromotive force exactly opposed in phase and magnitude 


to the voltage induced in the detecting coil. If the conditions 


ed at are realized, there will ther of these casos, be no 
resultant electromotive force in the circuit including the detecting 
coil, and no indication thereo n such moans as may be employed for 


detecting an alternating eemef. in this circuit. If, now, a sub- 


marine comes into the fi t up by t g the submarine will 
disturb the field existing arou the det coil, with tho result 
that there will be an alternating voltage produced in the detecting 
coil circuit which will indicate the presence of the submarine, and 
may also indicate its location.” 

The current due to the electromotive force indused by the 


submarino in the detectir 4 nay be measured in a number of ways 





and in particular it may be rectified by a commutator mounted on the 
shaft of the generator supplying the magnet, and the signal road on 
a D, C, measuring in ume he use f an alte bing netic 
field and a commutator ha mber of advantages The system is in- 
dependent of motion in th art £ field has a selective 
property, th mmutat will chop up disturbances of lower fre- 
quency. Under certain circ tan jisturbances of higher frequency 
ns of inductance and capac- 
ecting coil and an crease 
10reasing the magnitude 
the signal received from the submarine and therefore increasing 
the distance of detection. 1 ٠:1:3: 21 
ihe magnet itsolf m 
Finally by means of 
instrument may boe used. 


As ia well understood 


the magnet, 


distance from 


magnet; tha t t ү r t field at the sub- 


marine will bo i sely as ut istanco from tho magnet. 
This a sorious ai n, | s novertheless only half 
the story in subm ne dete ior detection of the presence of 
the submarine it is necessary 

set up a field at the detecting 

coil an electromotive force which may be detected by the usual 
aveilable types of detecting instrument. This return signal from 
the submarine varies also inversely as the cube of the distance. 


Consequentiy, the signal in our detecting coil will vary roughly 





inversely as the sixth power of ihe distance to the submarine, 

The relations outlined in tt ing paragraph are at 
first sight most discouraging and indeed apparently insuperable. 

There are, however, several ways in whi auch of the handicap of the 
inverse sixth power may be wiped out, In the first place, the dimen- 
sions of the modern submarine are so great that its magnetic moment, 
even in a field of low intensity, may still be of appreciable magni- 
tude, The signal received in the detecting coil y be increased by 
increasing the volume of the coil. The strength of the magnetic 
field at the submarine may obviously be increased by increasing the 
sizo of the magnet. And finally, we have now available in three- 
electrode aplifier or pliotron tubes a means for stepping up a 

minute electric signal several hundreds of thousands of times, With 
the use of auch tubes, it is theoretically possible to offset in 
large measure the limitation imposed by the inverse sixth power of 
the distance and to reach distances of detection which would be ex- 
tremely important in submarine werfare, if roalised. 

It is obviously possible to compute approximately the momont 
of a magnet necessary for setting up a given field strength at a given 
distance. But it is not possible to predict the netic moment of 
a submarine when in this field. It is also known how much the o.m.f. 
induced in a detecting coil u 1 mult € у the use of amplifier 


tubes. The fundamental laws being known, it would appear therefore that 


experimental determinations of th netic proporties of the hull 


of a submarine, and of the limits of sensitivity available with ampli- 
fier tubes, should offer a reliable basis for the design for a large 
equipment. 

As regards the magnetisation of a submarine, if it were 


placed in a uniform magnetic field in the direction of its axis, it 





The magneti 


momo 


determi 








Si rolatio 0 he method aro reasonably 
clear, the unc ain fe be = constants in- 


volved, the problem was first att 1 atory tests aimed +0 


determine whether distances of detection which w be actually 


useful could be reached Using the constants obtained in these 


ute distances of de- 


described first and 
tions upor h t igr f дег oquipment was basod 
be givon, 
lext o wi be deseribed a so 
t the Engineerin 
Naval Acadeny, 
coils of quite ls 
placed on the end (iier and detection tests 00 
use of steel vessels hes s wore undertaken particularly to 
k tho accuracy o } son sions of the work at Johns 
Inivorsity, At a time wher 1 types naval vessel were in 
divert from other uses a boat 
reasonably certain that use- 
' detection could be obtained. ‘The conditions at the 
gineering Bx} Sta n wu such as make it a fairly 


simple matter onduct thes 7 The ma; t and coils were 
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The tosts at 


good agreement with the distances computed from the 


It was therefore determined to put the equipment on shipboard and for 


purpose a 110 ft. submarino chasor (5, C. #326) was used. Since 
coils and motor generator used at the Experiment 


too heavy for the chaser, an intermediato equipmont 


constructed suited to space available, 

of all the experiments will given as 
concisely directly as possible in terms of the final results of 
each set of experiments. Thro. out the work there have arisen nu 
ous difficulties and necessity for many auxiliary tosts» Some of 
these tests are of considerable interest. In order that they may not 
obscure the principal thread of the report, these auxiliary tests, as 
well ao all descriptions of technique, have been included in the form 
of appendices following the principal part of the report. 

UNIVERSITY 
Johns Hopkins University comprised studies of 

the types of et and detecting coils, of the method of balancing 
the electromotive force in the detecting coil duo to the magnet, 
various types of commutator and detecting instrument, the use of 
amplifying tubes, the choice of alternating frequency, types of speed 
control and tests of the formulae by which the results to be expected 
in actual service are computed. Zach of these investigations has 


contributed to the design of tho final equipment. The successive 
steps in each of these studies appear to be of interest and value 
but have no necessary place in ٤ ement of the experiments 


and conclusions of this invostigatior herefore each of those 


separate studies will be described in an appendixe 
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The following description covers the final detection tests 
made in the laboratory, the apparatus and plan being based on the con- 
olusions from the prel studies mentioned. It will bo under- 
stood that the initial oxper: nts olved the simplest elements of 
the method and that successive improvements and additions to these 
elements have resulted in better conditions of observation and greater 
distances of detection leading up to the final laboratory tests de- 
scribed below. 

The general arrangement of the essential elements is shown 
in Fig. 1 and the electric connections in Fig. 2. Referring to Fig. 1, 
S is a modol submarine, M is tho magnet excited by alternating current, 
С із а detecting coil and C' a balancing coil. Two arrangements of 


the relative positions of 8, 0 апа М аге shown, these boing the two 


most important from the standpoint of detection at a distance. 


SUBMARINE MODEL 80, 


The model was made of galvanized iron «025 in. thick. 1% 
was cylindrical in shape with conical ends, the altitude of these 
ends being one foot. The length over all was 10 ft. and the diameter 
1 ft. The length, diameter and ekness of wall are in approximate- 
ly the same ratios as those pertaining to a late type of submarine 
of length 200 ft. There were five sections in the model, including 
the ends, the joints being telescoped without soldering. 

The submarine model was mounted on a small wooden truck 
rolling on a graduated wooden track, thus permitting approach of the 
submarine to the detecting coil and magnet, and measurement of the 
distance at which a standard signal of detection was received in the 


detecting instrument 0. 
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Submarine models of other dimensions and characteristics were 





plained elsewhere. 








gnet had a laminated iron core 6 ft. long and 8,81 sq. 
ine (66.8 84. сп.) cross section. The core was bolted together and 


wodged in a piece of 4 in. internal diameter fibre conduit, over the 





outside of which the exciting 





ding was placed. 


e exciting 





of 28 coils, each having 52 
turns and all connected in parallel, The coils toward the poles had 
a progressively increasing cross section of copper. Tho total length 


of the winding 





ras 69 ine, thus leaving a polar extension of the соге 





of 165 ine at oach onde The object of is method of winding was to 


maintain the flux in the core uniform over approximately its 11 





length, thus increasing th 





etive length of the magnet. For fur- 





ther description of the magnet and its characteristics see Appendix A 
end Fig. Te 


At 30 cyolos the magnet absorbed 2 





amperes at 2266 volts, 


i. 0., 4052 KeVeh. The power factor was +2 + 





is excitation was 
used in the teste described below. 


THE DETECTING AND BALANCING COILS 





The detecting coil Ç,, used in the final experiments, had 


the following charactoristics: 





9.5 ine 











5.75 in. 
7,625 in, (.635 ft.) 
1.25 іл. 
Volume .0325 оу. 1%, 
Number of 1 2000 
Resistance 70 ohms 
Industance 1 henry 





The balancing 


turns of 714 B., à 98. wire and 





mensions were the same as those of the detecting coil. 











As indicated in Fig. 2, t? 
connected in series. The electromotive forces in the two coils are in 


opposition and the purpose of the balancing coil 0.' 1з to counterbalance 


exactly the electromotive force induced in Qj by the field of the magnet. 


and 


In this condition there is no ourrent in 1 ng instrument 


an incoming submarine upsets the balance, causing a current in the de- 


circuit and detecting instrument. Obviously, if Cj' is placod 


the mag turns relative to бу, 


vountersignal 


negligible 


240 volt, single phase, 60 
compound wound 
"he preliminary e the mothod was 
sensitive at frequencies near 80 cycles, it was necessary to 
reducing the volt- 
motor and generator 
the gonerator was 
This figure of 


that montioned above for the 


to use 


Mounted on one 
direct current 
carefully cone 
of peles of 
ica in- 
brushes ose adjustmont of 


the brushes with reference to D r 21 the alt rronte 











orm and 
justment, 
d a second commutator, 
It de- 


voloped t cou f the y t me con y of speed is 


very essent t ;h se: ity of 1 te (See Appendix G). 


In Appendix D desori 


constant speed. 


detecting circuit consists 

letecting instrument 

ator all connected in serios i this arra nent 
to obtain a goo f the sy i, but tho dis- 


іол із quite sı £ oct instr ıt of a 


increased 


signals 


ffect to increase the 
sitivity A rugge ypo of instrument to figures which are quite 


beyond those perta ng to t mos 1 te laboratory instruments. 


This may be accomplished by 1 3 f ш 1 tron tubes, 








described here. They 


small amounts of energy 


for liberati 


end tran to 


amplifier 
far beyond that of 


stantial type of 


service on shipboarde 


The diagram of 


fier, Two of these were 


one of five tubes 


designed by 


dotecting circuit. 


t be used at 


will be found 


noted from Fig. 2 that 


in letecting oi it 
formers wore 


amplifior to those pori 


tecting instrum 


turbance in the detectin 
the inducti 
d the resista 
total voltag 
circuit and 
tions apply to 


the detecting 


serve 


ng correspondingly greater 


instrument 


the instrument alone, so 


gos 


purpose of 


т 


and radio transmission. The 


the form 
signals from a local circuit, 


detec sstrument. combination of 


the 


refore results ina 


that a sub- 


rugged and 


used е а vory important foature for 


2 indicates the position of tho ampli- 


Fig» 


used during tho course of the 


and another of four stages. 


to moet the conditions obta 


two amplifiers 


the 


2 transformers are ported 


at each end of the amplifier. These trans- 


adapting characteristics of the 


to the detec the de- 


iy between 


sonnected. The considera- 


lifior in its lation to 


iro for tho purpose of 











impedances approximate- 
ig circuit and detecting 


soil, balano- 


1 capacit r cutting t disturb- 
los, were inserted ith of the 
he ampl r itself. These fil- 


ters are described 


loteoting 


efforts to 


other 


gal- 


Not only does 


liber- 


detectin t 1 brom g agnitude far 


of th igual t e d 1 wit) Y 7 | of del- 
icate suspensi 
consequences, 
by experience, has been 


ouble pivot 








of ihe 


electro- 


vor“ 


rela- 


0 6 











force in Q,'is equal in magnitude to that of бу, but quite difficult 
to find a point at which the phases : exactly the same as between 

the two coils, This is the most difficult of all the problems which 
have arison in these and the later experiments. An oxtensive series 


of investigations have been de on the method of balancing, and these 


are described in Appendix G. In the laboratory experiments here do- 


scribed, by a system of cut and try a position for C,' was found, in 


which the phase of theo field was exactly coincident with that of бу, 
This position being found, it is a relatively simple matter to rotate 
h* about a vertical axis so as to vary the magnitude of its electro- 
motive force until 1% із exactly equal to that іл Ce 

The degree to which the equality of both magnitude and phase 
of the two opposing electromotive forses is obtained is measured by the 
constancy of the zero position of the pointer of the galvanometer. If 
they are not in phase slight changes of frequency will cause sharp up- 
sets of tho balance (Appendix @). Naturally it is more and more diffi- 
cult to obtain a balance the greater and greater the degree of amplifi- 
cation that is used. In fact the limit of sensitivity of the whole 
apparatus is found by inereasing the number of stages of amplification. 
With increasing amplification the wandering or jerks of the needle 
about the sero position become greater and greater and more and more 
irregular until finally they will mask the deflection due to the in- 
coming signal. These disturbances of the balance are largely assoc- 
iated with variations of the speed. The greater the refinement in the 
control of the speed, the greater the degree of amplification which 
may be used, and consequently, the greater the sensitivity of the 
apparatus and the greater the distance of detection. 

In the readings given below, the number of stages of amplifi- 


cation used and alse the general conditions as to the balance, in terms 











of the magnitude of its variation about the zero position, are given in 
each casos Having obtained a satisfactory balance, the submarine is 
brought up toward the detecting coil and magnet until a standard sig- 


3 
nal is received, the distance from the magnet being observed. Through- 
out the experiments the distance of detection was measured between the 
centres of the magnet and the submarine. The readings are repeated 
sufficiently often to be certain of the distance of detection. The 
standard signal in these experiments was 15 millimeters of scale with 
а sero disturbance not greater than plus or minus five divisions. 
In general a ratio of signal to sero disturbance, 3 to 1, has been 
adopted throughout the experiments, 
TAL RESULTS. 

The first results given below pertain to experiments using 
the detecting coil, balancing coil and measuring instrument alone; 
that is, no amplifier was used for increasing the sensitivity. The 
galvanometer however was of the D*Arsonval suspension typo, wall mounted, 
with observation by telescope and scale. This instrument is more sensi- 
tive than the needle type galvanometer referred to above 
Tests without Amplifier. Tests of Sept. 4, 1917 - (no amplifier). 


Magnet Mi, induction 72004 


Cı = 2000 turns, Cy' = 8 turns on мү» 


No amplifier, no transformer. 

Submarine $9. Axes of lM, O and Sy parallel aud in 
the same plane; (arrangement A). D = 24 іл, 

Gelvanometer: Suspension type D'Arsonval, 
sensitivity 83 megohms. 

Balance: Fair, sero * 3 mm. 


Distance d, measured between centres of My and Sp. 











t t 





Distance: : Average : 
id, fost: Galyanometer r Deflection: 
ғ” ы : : 
Er 5 AMET ud { : 
кақ ж ap. t. n i Mut 
+ ө 7 wy t 445 :ا‎ l 
Ж. a ШЫГУ e, 





It. will be observed that 





of 10 foot between 
centres of submarine model 84 magnet, tho deflection on the galvanometer 


was l om, This represents 





the simple 


elements used. 





will be taken ae a basis for computing the results 


to be e ted with larger appar 





d an actual submarine, 


Tosto with Amplifier, The following tests aro typical of a largo 


number which were 





and amplifier for increas- 





ing the sensitivity. 





reliable 
are summarized in Table l, Those quoted below ere taken as conserves 


tive, having in mind that 






by the behavior 


of the galvanometer on the reliabil- 


ity of the results. By the use of 





ification and conditions 


ater sensitivi 





still greater distances 





of detection were obt 





As, however, 


tions of the balance 








were unstal » due to could t be recognized and 
which it was these results obvio cannot 
be used. 

1918 - amplifier). 





3300, 





G, = 2000 turns; C,’= 306 turns, 











6-26 | 32 |250 


Table 1. Summary of Detechon 
Tests іп Laboratory. 























Galvanometer: 
sensitivi 
Balance: Very good, 
Distance 4, measured 


0, ۷۸۷ 


11 be observed that the maximum sta at which 
marine was noted were between 42 and 46 ft. 
2979. 
tests were conduot 


ch questions as 


he influence of varia- 


OF DERESTIE 


The the lat atory ma ( 1 bacis of 
a computation enlarged 


pment and 


y due to a bar magnet 


(1) 














where U the magne 4 is the distance of tho point 
the magnet; d is assumed to be large compared with 
5 ; 5 P 


magnet. 


the core of the 


a, and tg the leng 
the submarine. 
the magnetic 
flux density in the 


same value 


2 
11a1* 


This assumes that the whole len; ۲ submarino is 
samo magnetic inte y «nd th he siting flux is pr 
the cross section of its skin, that 9 the product of 
diameter and the ti ness of it 

ly open to question ıt they ara approx tely correct 
compared with ly er lge 

larly for vslues of d com 

given in Appendix Fo 


The electromotive f 8 induced in the dotocting coil will be 


proportional + 2 8 11 o depend upon the dimensions and number 











of turns in the coil. The signal on a given detecting instrument will 
ре а maximum when the resistances of the detecting coil is equal to that 
of the instrument and whon the reactance of the coil is completely 
neutralised. We will assume then that the resistance R of any larger 
detecting coil will have the same value as that of the coil used in 
the above experiments. This valuo was approximately equal to the re- 
sistance of the detecting instrument used. We have then if 1 is the 
axial longth, t the radial depth, a the diameter, and n the number of 
turns in the 0041 0] 


R < Ta * const (5) 
m 
oe mex Ya (6) 


The o.m.f, in the detocting coil o is 


es kaa (7) 


2 
عو‎ qa (8) 


$ kgav,?/2 (9) 
Thus the osmefs or signal in the detecting coil due to the 


magnetic field fg set up by the submarine will be 
2. 1/2 
8 = E Kok واودودڈ/٭و۷وہ اس‎ 
d*(d = р (10) 
end if an arbitrary constant signal in the detecting instrument be se- 


lected, the distance of detection for any magnet, coil and submarine is 


2 
a=} N k(1325322753/515251,)1/3 , DP (1) 


By substituting in the above expression the dimensions of the 
magnet, detecting coil and submarine model, used in the experiments de- 
scribed above, the value of K may be found and d may then be computed 
for any size of magnet, coil and submarine by substituting the proper 
Values for 1,, 81: 82, otc. Obviously in this method of computing d 


it is assumed that the magnetic flux density in the core ef the large 














magnet is the gano as that in the core of the small magnet ш used in 


the experimentis. 

In the above development, no account has been taken of the 
signal in the balancing coil 0). In all of the experiments the number 
of turns in this coil has been small compared with the number in the 
detecting coil and its area has also been relatively small. In order 
to obtain the value of elestromotive force nocessary to balance that 
in the detecting coil, it has only been necessary to place the balanc- 
ing coil nearer to the magnet. Simple computation shows that in all 
the experiments the countersignal in the balancing coil G,' due to the 
submarine was in all cases negligible compared with the main signal 
in 0$. 

In the two sots of experimontal observations given above, 
one using no amplifier and one using amplifier and transformer, one 
covers the arrangement A, in which the axes of the magnet, coil and 
submarine are parallel to each other, and the other the arrangenont B, 
in which these three axes are in tho same straight line. The magnetic 
intensity for a given distance from the centre of the magnet is great- 
est at points on ito axis, consequently we should expect greater dis- 
tances of detection when the axis of the submarine coincides with the 
axis of the magnet and this has been borne out by the experiments. 

The development of the formula for the distance of detection, as given 
above, follows tho same st0ps and takos the samo form for either rola- 
tion between submarine and m t The only difference in the two 
cases will lie in the different values of tho constant K, consequently 
we shall remember in predicting distances of detection that the values 
arrived at will pertain to the particular relative position of sub- 
marine and magnet which were used in the experimont forming the basis 
of the computation. Results for arrangement B may be computed from 


tests with arrangement A by inserting a factor 4 inside the bracket of 
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8-14-18. "Wasp Tests. EN 
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Runs Wm and 4 wih 3 stages and transformer. 
Run “5 with 2 stages and transformer. 


Summary. 


Center of [2 
TH Center б ее А 
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ES 
*4 
жы 


360. ft 285. 200, 
215. 350. 24-5. 


550. 210. 113% 
+60. 395. 2.95. 
240. 175. 70. 











Detection Tests - Yacht "Wasp! 
. Large Magnet and Coils. 
E ہ٥‎ ۲۲۸۹۶۸٣۴ 
Excitation 93 amps ; 50 volts; 
4.65 KVA. 


10 ohm shuünr. 


d= to Sub ~ Wasp. 
@ „Ked Spar Buoy. d'= ce’ to Sub. - Wasp. 
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Siqnal off Scale. 


*4. 4=%1о ®ъ;а'=345 А 
Sıgnal = 20 div'ns. 


یں 


و و .رو 
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ouk d-2170 Feet.‏ .£5 


Signal ~ needle just 
leaving back stop, 


and coming on scale. 


Distances measured 


by triangulation from ETE 
Balance conditions good at 
constont speed ; needle re- 
turned to center of Scale 
ofter oll signals. — 


Fig. 4. 
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Detection Tests ; “Wasp”. Large Magnet and Coils. 


Set commutator with Cy and Cy in , Cz upset for 
emf; and with 3.15 mf + 12000 w in detecting circuik 
M,=9% vots , 165 amperes , 15,5 KVA. Commutator 
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Test Fl. 2 stages and‏ کس دم تھے 
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М bh 5-330 Fr. 
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due to the submarine in arrangement A, indicated by theory and used 
in computing the distance in terms of the laboratory tests, has ap- 
parently been compensated in some way which is not evident, 

Other observations, for which there is no direct explanation, 
are those of test No. 2 on August 14th and test No. 5 on August 16th. 
From the relative directions of the axes of magnet, detecting coil and 
vessel it is not obvious why such great distances of detection should 
be reached. 

Table 2 also shows that the excitation of tho magnet may be 
greatly decreased without seriously décreasing the distance of detec- 
tion. For oxample, in the tests of Aug. 16th, with an excitation of 
4.65 K.VeA. the distance of detection is still 392 ft. With the 
small magnet and coils of the laboratory tosts, and an excitation of 
6 К.Ү.А., the Standish was detected at a distance of 101 ft. with the 
less favorable relative arrangement A. 

Taken as a whole, 1% шау be concluded from these experiments 
that the approximate mothod for computing distances of detection with 
any given equipmont, as based on the laboratory tests, is a satis- 


factory оле, 


The distances of detection reached in the shore tests and 
the approximate agreement between the experimental and calculated 
values were deemed sufficiently oncouraging to warrant a study of the 
probable distances which could be reached with equipment en shipboard. 

The total weight of the equipment used in the shore tests, 


17,000 lbs., was unnecessarily large, even for a magnet of the capacity 


9f lige This was principally due to the fact that the motor generator 


was of higher rating than that of the ot and no special offort had 














boon made to limit the weight of several other portions of the equip- 
ment. Horeover, tests both in the laboratory and at the Engineering 
Experiment Station (as, for example, the tests on August 16, 1918) 

had shown that it was possible to obtain good results with considera- 
bly lower figures for the excitation of the magnet. This is in accord 
with theory, as the distance of detection varies approximately as the 
sixth root of the total flux emanating from one pole of tho magnet, 
(See formula (11)). 

The method requires the use of a wooden vessel, The number 
of such vessels available, of length greater than 100 or 150 ft., is 
very limited. The 110 ft. submarine chasers were seen to possess 
many features advantageous for testing this methods Not only have 
they wooden hulls, but are driven by three gasoline engines of six 
cylinders each, and this feature results in extrome steadiness when 
under ways In addition, it will be seen, from a description below, 
that the space on board was admirably adapted to the accommodation 
of the necessary equipment. A study was therefore made as to the 
maximum equipment which could be installed on one of the chasers, 


the magnet being limited to the capacity which could be furnished 


by & 3-1/2 K.W., 120 volt, D. C. gasoline-driven gonorator, installed 


on the chaser for pumping and other purposes. As | on tests on 
shore, it appeared that it should be possible, with this equipment, 
to reach distances of detection up to 250 ft. 

is obvious that the distances of detection which have 
been mentioned are dependent strictly upon the degree of sensitivity 
which 4s used in the detecting circuit. Throughout the experiments 
it was always found that in the combination of amplifier and measur- 
ing instrument it was possible to obtain figures for sensitivity 


higher than it was possible to use by reason of the limitations of 











38 








the exact balance between the detecting and balancing 00119. The many 
features affecting this balance are discussed elsewhere, but one vital 
factor is a fixed relation betwoon the magnet, detecting and balancing 
00118. If any one of the three moves, with reference to the others, 
the balance is correspondingly upset. It was realized therefore, in 
going to tests on shipboard, that there was a large chance that the 
distances predicted might be seriously curtailed, if not entirely 
lost, by reason of the vibration due to the engine of the vessel and 
to the straining or distortion of the hull of the vessel due to the 


motion of the sea. There appeared also a possibility that these fac- 





tors m 


ght have an influence on the delicate relations obtaining in 

the amplifier tubos and on the detecting instrument. However the un- 
usual steadiness of the submarine chaser, as regards her engines, seemed 
to offer exceptionally favorable conditions in this respect. Moreover, 
& promising method of sis; suspension for the amplifier and a robust 
detecting instrument which seemed to be independent of moderate motion 
also gave promise of partially avoiding the difficulties mentioned in 
connection with these instruments. It was therefore decided to con- 
struct and install the equipment, described below, on Submarine Chaser 


Но. 326, stationed at Annapolis, and placed at the disposal of the 





Naval Consulting Board at the request of the Special Board of the New 
London Naval Experimental Station. 


BMARINE CHASER NO, 





The 8. С. Но, 326" із 110 ft. long, 15 ft. beam midships 
and has an average depth from deck to kool of about 10 ft. She is of 
wooden construction throughout except that she has six water-tight, 


steel bulkheads. Other motal masses are the engines, propeller shafts, 





rudder, ventilators, air and gasoline tanks, anchor, stanchions, deck 




















posts, etc. Outline drawings of elevation and deck plan, shown in 


Рід. б, indicate the construction of the vessel and the relative 








location of her equipment, the steel bul ds, and the experimental 
apparatus, 

The earlier experiments had shown that the proximity of 
masses of motal had no effect on the balance conditions so long as 
those masses were stationary. Several rough experiments were made in 
order to determine the influence of such masses and no striking ine- 
fluence was found. It was always possible to secure practically the 


conditions of balan: 





o 
o 


n the metal mass was present or absonte 


was recognized, howevor, that the steel bulkheads of 





had not been considered in the 





These bulkheads, stretching tho full width of the ship, 





are longor than the for the magnet can be 





no positi 


found which are very far removed from some one of these bulkheads. 





The influence of bulkheads therefore was an uncertain factor. 





Subsequently, a n 





ber of expe mado to determine this in- 


fluence and it was found tha 





of the magnetic field near 


the bulkheads was markedly affected by them, that the influence on 





the balance could be oliminated, the influence оп the sensitive 


ity, while appreciable, was not great, 


THE MOTOR GENERATOR, 


The generator was a 5 K.V.A,, single phase, 60 cycle machine, 


direct connected to a 220 volt, compound wound, D, C. motor, oporatod 


at full excitation and half voli thus driving tho set ai one-half 





speed for 30 cycles, The power for the set was supplied by the 3-1/2 


KeW. gasoline auxiliary set, already described, which was located in 





engino room. The motor generator, ali of its control 





located in the magazine, at MO, Fig. 6. 
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On one end of the shaft was located the rectifying commu- 
tator of the detecting circuit. The other end was equipped with 
special control devices, including 1 thrust bearings, for constant 
spoed, as described in Appendix De There is по more important feature 
for a balance of high sensitivity in the detecting circuit than con- 
stancy of spoed. Much time and effort were devoted to perfect the two 
speed control methods described in Appendix D and it is belisved that 


a high degree of perfection was attaine 


THE MAGNET Mge 


The core of the magnet was 9 ft. long and had a cross section 
04 7.7 84. іп. (49.5 sq. oms). The coro was placed inside a pioco of 
4 in, internal diameter fibro conduit, over the outside of whbh tho 
exciting winding was placed. This winding consisted of six similar 
ono layer coils of 104 turns each, No. 10 B. & 8, cotton covered wire, 
all connected in multiple. The length of the core beyond the winding 
at each end was 15 in, The magnet was mounted in a suitable wooden 
frame and housing. Other particulars concerning the magnet will be 
found in Appendix A and Figure 8. 

In Figure 6 the magnet is shown as located on the bridge of 
the chaser just abaft the pilot house. Other positions in which ob- 
servations were made are indicated in dotted line on the deck plan. 

BALANCING COILS 03 and C 

Two features are desirable for the location of the detecting 
coil; one that it should be below decks, and the other that it should 
be as far as convenient from the magnet, the latter for its bearing on 
the conditions of balance. The location combining these two particu- 
lars to best advantage was found in the forward hold of the chasers. 


A serious drawback to this position was that entrance to the hold was 




















limited to a manhole 18 in. in diameter in e decl However as none 


jo enough to accommodate a coil 


1 1 hi 1 mn the vessel wore larg 
it was realized that in any position below decks 
wound in piace, 
finally wound was hexagonal in shape, this form 
being adopted for convenience in construction and assembly of the wood- 
en form on which the coi 7 wound and permanently supported. Its 
ions, shown in Figure 10, were the largest possible in the avail- 
able space, having in mind the importance that for the experiments it 
would be lesated with its plane athwartship, as well as at right angles 
to this position, and also that it should be kept a reasonable distance 
from the nearest steel bulkhead. In winding, the wooden form was 
mounted on an axis, and owing to the limited space, turned by hand. 
reels wore mounted on deck and the wire fed through the manhole. 
lotion of the w ing the form was firmly braced into position, 
it became, as far as possible, an integral part of the framework 
he vessel. 
The coil had 5145 turns, average length of oach turn 10,3 ft., 


corresponding to a circular diameter of 3429. The volume of the wind- 


ing, Vg, was 2.6 cu. ft. 


The balancing coil, Gs', was located inside the radio room of 


the chaser, which was used as the centre of control and observation. 
Its location is shown at Oe Several different balancing coils were 
used at various times. They were all of small 3110, 1093 than 1 ft, in 
diameter and were mounted in wooden frames, pormitting accurate adjust- 
mont about adiamotor as axis. Sometimes two coils were used, one of 
them located near the magnet to take up the greater part of the electro- 


motivo foroo in the detecting coil. TI inal balanco, both as rogards 





























phase and magnitudo of the net balancing eomef., was always accon- 


plished from the observer's station, fror ich ready access could 

also be had to the rectifying commutator on the motor generator. 
Practically all of the control equipment, including trans- 

formers, filters, condensers, switchboards, speed control and storage 


batteries, was located in the magazine. The amplifier and rosistance 


lecated in the radio room 


forehold, 
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detested, corrections must be 
mado for al ne in 1 f those particulars, and the g 
method apply 2 в tiong has been described in connection 
n shore, begin: ; on page 24. 
The expected distances of detection have been worked out for 
the relative pos ns of the two vessels por- 
mitted it. For example, in the tests of November st, 
distances of detection were in the neighborhood of 200 ft. 


computed distance, the constant 4590, as derived from 


was usod in Formula (11). Tho magnetic flux density for M4 vas three 


timos that in E, ntroducing therefore a factor 3 inside the bracket 
of Formula (11). In order to x ain satisfactory balance conditions, 
50 ohm insorted in series with the galvanometer and ite 10 ohm 
shunte The change in sensitivity دہ‎ this account introduses 
07 «615 into the brackot of Fo 
stante for t 

240 fte, 
as shown in tl { i on no correction is ine 
troduced on account of a фәлед length of magnet. 

The tosts of 


arrangement A for magnet 


8 

described above are made 1 ach of the: в In addition 
bracket of Formula (11), 

rtonod ef tive length of the vessel to bo de- 


example, es shown in Appendiz F, 1 nacos of detection 


and 200 ft. the net effective 1 8 13 of the submarine 


rootions 


servod distance: de n m ti Fi 22 P. 
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GENERAL CONCLUSIONS. 


The principal conclusions from the 1 tests are as 
follows: 

(1) Detection tests in the laboratory with submarine 
models 10 ft. long are in agreement with underlying thoory 
and may be used as a basis for the design of larger equip- 
monte 

(2) Detection tests on steel hulls from shore oquip- 
ment and from equipment installed on a wooden submarine 
chaser 110 ft. long are in good agreement with results pre- 
dicted from a formula developed in the laboratory tests. 

sufficient increase in the size of the equip- 

ment it is possible, in quiet water, to detect a steel vessel 
200 ft. % a distance of 500 ft. The weight of equip- 
ment required would be about 8000 lbs. 

(4) Distances of detection in the neighborhood of 
200 ft. were obtained in quiet water with equi mt weighing 
4500 lbs. installed on a wooden submarine chaser 110 7%, longe 

(5) The reliability of tho system of detection is im- 
mediately impairod by motion of tho vessel, due to her engines, 
heavy sea, and changes of course, or spoede 

(6) The results mentioned involve the use of amplifier 


the signal. 1 ıt the amplifier the 


tubes for enlarging 
distances of detection are vory short, ovon when a large 
magnet or large detecting coil and an extremely sensitive 


nt aro used. 


(7) With amplifier, detooting coil 


instrument higher sonsitivitios m be reached than can bo 


















































used the 
system fix 


disturbances are amplified and 


circuit. 


(ù) small 
harmonie 
ing coil, 
or me 
mprevement over 
of disturbances (a) 
magnet and detect- 
ru one structure, would probably 


"ү 


band filter" 


10 uso of a 
» passing frequencies in the 
introduce a 
ears no possibility of secure 
greater nstano) ۲ peed th that reached 


98% possible precay 


the other disturbaness montioned, 


(10) Other interost ¿ conclusions at various 


found in the several appendices. 





APPENDIX A. 


NAGNETS AND COILS, 


MAGNET Шу, 


| the laboratory tosts at the Johns Hop- 
kins University, has heen ibed on page 14, and the general method 
of applying the exciting iding is shown in Figure 7. The purpose of 


multiple winding is t nerease the effective length of the magnet 


this effective 

















flux is fairly uniform ever whole length of the core, falling off 
rapidly, however, for position: 


winding. 


in Multiple 


Distance from 
one end - inches 


Additional data on Magnet My are given in Table 5, page 53. 
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Fig. T. 


~28 coils, 52 turns each, ~ 6 coils, 104 turns 
connected in parallel. *10 B.tS. wire, con- 

Outer coils ~ 4*6 B.+S. square nected in parallel. 
wires in parallel. 

Central coils, *]0 B.^5. 
Total Flux at 22.6 volts, 4.52 
KVA, 30 cycles,- 342,500 

2.9.8. lines. ^ 


Total Tlux at 70 
volts, 3.15 KVA, 30 
сусіє5, = 510, 000 
€.9. 9. lines. — 


Magnet 172. 


D 


7 266 coils. ^ Total Flux ar 115 volts, 25 KVA, 30 cycles, 2,160,000 
c.9.9. lines. — 


` LJ 
ےت‎ Sh, 
> ins! 

(en Ser ed 

5145 turns of 


410 Boos. D.C.C. 
wire, in 87 layers. 


‚Fig. 10. 







































































not was designed by t 


largest possib 


connection of 


ber of coils, however, 266, 


given by the manufacturer. 


proof compound 


is not 


about 
and rigi 


electric and 


MAGNET Ma. 


This magnet differs 


xo 


itation required. 


consumption 
Ite 1 


na 


positio 


gonoral 


The 


he Westinghouse Electric й Мёр 


with an oxcitatioz 


le magnetic moment 


has a distributed winding with multiple 


charactor as that of magnot I tho num- 


greater. Data as to the number 


the respective coils have not been 


whole imbedded in wea 


the 


core 


siven. Tho outside diameter of 


ich is circular in cross section, is 


unted on saddles in a strong 


are given in Table 5. 


from magnet principally in its rela- 


reduce the 
























































Length of Core 


ding 


Number of Coils 


Turns per Coil 


Mfssbiv یزیت‎ аф 
Bffectivo Length of 


Cross Section, 24, 


Equivalont Radius 


The data porta 


in divisions of 


02, was built by 
mounted in a 


proof nelosed in 


signed for out of door 


The det 


the chaser. This 


been constructed outside 


wi 


limited space, the 


when completed 


u 


the 


woodon 


айа 


8 


the substantial wooden form a 


MAGNET DATA. 


2,160,000 510,000 


7 


10542210" 


11.1x10 


4000 198. 429 199. 


coil was de- 


small forehold of 
wooden form having 


place. io the 


a tedious matter. However, 


its proximity te the 
































timbers forming the frame of the ship offered a ready means for thor- 
oughly bracing it in position. It contained approximately 900 lbs. of 
No. 13 double cotton covered magnet wire and was suitably protected 
against moisture and damage. 

A variety of balancing coils were used in different stages of 
the work. In the experiments in the laboratory and on 5.0./326 three 
coils were used, ali having tho same dimensions as those of detecting 
coil 0], but having 2000, 1000 and 306 turns, respectively. The balance 
ing coil C,’ was of special weather proof construction, as described for 
detecting coil Gg. It was three foot in diameter and had 530 turns. 

It was provided wi a worm gear for rotation about a diameter as a 
vertical axis and also had a goar for a short rectilinear translation. 
Beth of these fostures wore for the purpose of accurate adjustment іп 
balancing. All metal parto voro of brass and the entire coil with ite 
adjustment was mounted in a substantial wooden framework. 


Zable 8. 


DETECTING 


9.5 in. 65.5 in. 
Dianster f 5.75 із. 82.5 4 


(7.625 in. 
( 4635 ft, 


Axial Thickness 1.25 іл. 3 in. 
Depth of Winding 87ء‎ in. 2.93 ine 
Volume in ou. ft. .0325 1.344 
Noe of Turns 2000 1308 


Resistance 70 ohms 60.07 ohms 99 ohms 


Inductance 1 henry 8.22 henrys 253 henrys 


Weight 9 109. 1500 158, 1100 ibs. 
jatimated from dimensions of hexagonal coil. 


Calculated by means of Doggett's formula. 


















































ENDIX B. 


DETEOTI AND MEASURING INSTAL 


In the early stages of the work, when sensitivity was a 
desideratum, suspension type D*Arsonval galvanometors were used аз deo- 
tecting instruments. It was realized, however, that such an instrument 
could not be used on shipboard, and as soon as the amplifying equipment 
was available, the instruments wore abandoned. Deseriptions of the two 
which were used are given in Table 7. At оле o co tator was 
suspected as a possible seat of troubles in balancing the detecting 
circuit, A unipivot type electro-dynamometer was thorefore tried for 
direst measuroment of the s n 1 t ing circuit as an alter- 
nating current. ixperiments with this instrument, however, gave in- 


ihat 


dication that the disturbances in question were due to other causes. 
the sensitivity of the electro-dynamometer was lower than 
ost suitable D'Arsonval instrument available and offered 
ultiios in the process of balancing the detecting circuit, 
notably the steps necessary for eliminas 1 residual or out-of- 
phase component. The sensitivity gis in Table 7 for this instrument 
pertains to a value of 2 amperes, 30 cycle, alternating current in the 
stationary coil, the highest rated value for continuous services 
further offort 3 jirection of increased sensitivity 
commutator : me in a series of experiments, u 
ing t vanoneter, he aim here was to reduce, 
numi ages o 111icat1 ocessary,. Two strings 
other of 
dirset cur- 


division of sonsitivity was clai for instrument using 


rront 


galvanometer, the Zinthoven string lvanodeter is subject to tho 
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following limitations. With the former combination, in the process of 
balancing, any out-of-phase residual which may be loft in the detecting 
the mm: t and & arg, if at all, only as 
the needle in 3 sition. The same state- 
reference to any harmonic disturbances which may 

both the residual and the 
harmonic will produce 4 on of string in exact proportion to 


their intensities. galvanometer, 


these residuals we ways found present, and since only small 
intensities are necessary I eflections equal to that pertain- 
ing to a strong si | his a definite limit to the se 

that may be used with the string galvanometer, A num P rough 
tection experiments were made, but it was found 


tioned resulted i m o" 6 f detection 


in the f шг ator, and continuous current galvanom- 


eter. Thero romains tho possibilit f filt ng t the harmonics 


ifioation, and so making use of the 
pe of instrument. However, it appears 
; would have to be accomplished 


ero is always tho quostion of 


ted by the 


Weston No. 2 


Suitable 


moment of inertia, 



























































area on the bearings, puts a low limit to the momont of inertia 
of a sensitivo pivot coil instrument; consequently, in this instrument 
an attempt was mado to improve the balance conditions by the use of high 
and variable damping. This was accomplished in the 2-pivot special 
Weston gslvanometor No. by electro-magnetic excitation of its field, 
In addition to the constants given in Table 7, tho instrument had the 
following characteristics: 
Moment of inertia of coil, 2 gro on 
Undamped period, 1.65 seconds 
Interval shunted with 60,000 ohms, 7 seconds 
Interval when connected to last stage 
of amplification and with field 
fully excited, 80 seconds. 
By sacrificing some sensitivity, the oxtremoly long interval 
mentioned, when connected for testing, could be reduced by reducing 


the field excitations For the same sensitivity of detection the ins 
strument could be usod with one stage of amplification loss than that 
pertaining to the instrument which was used for practically all the 
other tests. It showed no other decided advantage over the latter 
instrument which is described below. The possibility of using one 
less stage of au fiot f 8 vantage and tho 

was used in a large number of tests. However, it was not 

the instrument next to be described and y upplantod 

instrument in all of 

detecting instrument of all was a 


Siemens Haloke, double pivot, D'Arsonval typo, portable needle gal- 
vanometer. Thi Y had & contral zero and mplete scale of 


25 one-millimeter divisions on oacl T t ance was 100 ohms 


and its sensitivity 076 amperes per division. 















































withstood all the hard usage 


disturbar 
way superior 
convenience 
struction. 
test to be uninp 
same general type 


creased sensitivity 


of either length o 


ritical | iatis per 
damping | division 


6 


8.4x107M 


Central Zoro 


| 4 le ;14 

Binthoven Silver string 3 в 3.29x10 ) 

juri 51 red quart - 3.5х10716 
galvanometer String 


Weston $2 Coil 
Galvano- 























made with tolephone recoivors in place 


of the commutator and galvanometer. Obviously 30 cycles is too low a 


frequency for audibility, С 16ntly in order to use the telephone re- 


it is necessary to interrupt at sufficiently high frequency the 
current cone \ from the detecting 0> This was 
accomplished t ing in se: 5 with the telephone instrument at the 
aplifier a "shopper", the speed of which could be a 
tone for the telephone. Three different 
of chopper voro tried, (a) simple interruptor, (b) condonser chopper 
sliding contacts and (¢) condonser ch өг without sliding contacts. 
All wore relative machines driven by di | current motors of 
variable speed. further deseription of these choppers need be given 
here, as no prom ng results wore obtained from any of thom. he invar- 
labio troublo was that even at low sitivity, as rogards amplifior and 
4 1 


detecting instrument, it we found 9 1 mposs o t lance for 


tness,the ole t 1 the detecting circuit 
necessary t + с gnal was considerably in excess of that required to 
give a f ed ction on any one of the galvanometers as dotestor. 
the tele» 
different reooivors collected 
dio equipments were tricd. 
was found ssib] 3 iinate sound in the balanced condi- 
vith by quipme d to the conclusion that 
to look for a highor 
bh the Zinthovon 
galvanometor the disadvantage that it n з an auxiliary equipment for 


balancing, nor does it give a quantitative indication. 























APPENDIX Sa 
AUPLIFIERS, 
On page 27 it was shown t when using a detecting instru- 
go to very largo 


detection, 


cathode, 


anode 


variations in 
an amplifior 
grid. Tho 


curront pass z th h tk tw Cause corro- 


the 


sponding chan in th e d ] ho resistance in sories with 
F 8 


the 


the gr e trans i much larg the potential 


across 
he greater part of the detec- 
tion expe work by the Western 


he successive 


12 givos a diagram 





connections, incl 5 nont and p terios. 


to filament 
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resistance being 150,000 ohms. The fifth stage was of lower impedance, 
the plate to filament resistance boing only 5,000 ohms. The amplifier 
was designed for an output impedance of 500 ohms. The most satisfac- 
tory detecting instrument developed by subsequent oxperiments had a 
resistance of about 100 ohms and a critical damping resistance of 90 


ohms. Consequently, an output transfo 





was used with the amplifier 


to adapt its output characteristics to those of the instrument. This 


transformer had a primary impedance of 5,000 ohms at 30 cycles and a 


secondary impedance of 50 ohms. The prima: the transformer was 








substituted forthe 5,000 ohm resistance in series with the plate 
battery shown in the fifth stago. 


The voltage amplification, as measured by the manufacturer, 






with an output resistance of 530 ohms and always using the low impe- 


dance stage for tho output vas as followo: 


3 stages 110 timos 
ao 1,900 = 
5 . 18,000 ٣٥ 


In the experiments on land an input transformer was also 


often used with the amplifier. In voltage amplification this trans- 





former vas s botter than one additional stage and used with 


the transformer, the amplification a 


o manufacturers was: 





3 stages 2,600 
E и 93,000 е 
$ ^ 





The impedance of the primary 30 cycles was 


ghborhood of 70 ohmse Its secondary impedance was very high 


in the noi, 





was used, the 1000 ohm resistance across 





























The input transformer was placed in a triple nest of wrought 


iron boxes, each 3/16 in. thick. Nevertheless, the transformer picked 


up enough inductive disturbance from the 30 eyele and ether circuits 
to give serious trouble. On land this inductive electromotive force 
was reduced ag much as possible by orienting the transformer until it 
had a small value. Any small residual from the 30 cycle oirouit could 
be balanced out. Tho presence of this disturbance, however, often gave 
serious difficulty in determining the proper commutator setting and in 
adjusting the capacity to be used in the detecting circuit. On board 
ship, where the limitations of space preventeda proper choise of the 
location of this transformer, it was finally abandoned. The losa of 
amplification was made up by an additional stage of the amplifier, the 
transformer and three stages having been used in the land tests and 
four stages of amplification without transformer being used on board 
ship. 
PRECAUTIONS IN USE OF AMPLIFIER. 

Having in mind the figures of amplification given above, it 

readily seen how necessary it is to oliminate all typos of 
nce in the detecting and amplifier circuits. In using four, 

or even three stages, very minute disturbances are amplified to mag- 
nitudes greater than that of the detection signal due to the submarine. 

Perhaps the commonest types of disturbance are those due to 
(a) poor connections ar contacts in battery, amplifier and detecting 
circuits; (b) poor eleotro-static and oleotro-magnotic shielding. 
The amplifier itself and leads should, as far as possible, be 
enclosed in grounded shields; (c) duplication ground connections. 
All shields, conduits and cases should be connected to the same ground; 
(åd) mechanical vibration of the amplifier. Very slight motions of the 


filament with reference to the grid cause variations in the tube 


























ıpodanoe with resulting variations in output voltage. Careful spring 
suspension of the amplifier is therefore advisable. 

A ef the foregoing types of disturbance which may be pres- 
ent will appear with no input in the detecting sircuit, consequently 
with caro all should be reduced to small values. On land 1% vas found 
that they could be eliminated to such a degres that four and sometimes 
five stages sould be used, resulting in a quiet galvanometer nesdle. 
There are, however, two other types of disturbance which are gonorally 

practico» They are (1) olootromotivo foroes induced in the 
circuit by neighboring circuits, (2) harmonic electromotive 
forces which are net balanced out. 

When the inductive disturbances are of a frequency somewhore 
near 80 cycles, their presence io indicated by a slow oscillation of 
tho galvanometer needle from one side to the other, the period depend- 
ing upon the frequency of the disturbance. If the frequency of the 
disturbance is quite high, it may not cause a deflection of the needle, 
but result simply in a violent vibration. The oscillogram of Figure 

m at the output ef the amplifier, shows a disturbance which 
finally traced to a high commutator bar in a generator supplying 
some of the circuits of the neighboring building. 


When the frequency of t disturbance, whether duo te har- 


monies or to neighboring circuits, is greater than 40 cycles, it can 


рә oliminated by means of “filters” 


or "pilot conductors” of the gener- 
al charactor of those shown in огоз 13, 14, 15 and 16. Figure 13 
shows a filter for use at t nd of t ifier; Figure 14 
one designed for 70 ohm terminal conditions, that is, fer use between 
the detecting coils and the primary of the input transformer. Tho 


pilot conductors were designed to go botwoon successive stages of the 
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and 
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vise 


өз 


29 


the 


connected to- 


othod were tried, but 


rosulting 


ts arma- 


curront in- 

















volved would result in an rovement in conmutator action. However, 


the magnetic inertia of the field and the consequent slow action re- 


sulted in pronounced hunting of th rger machine. 


ALEXANDERSON M OD OF SPEED 

On shipboard motion of the ship caused the armature of the 
small converter, described in tho foregoing method, and also that of 
the main motor generator to shift in their bearings, resulting in vari- 
able friction, and consequently in irregular variations of speeds Ball 
thrust bearings improved conditions somewhat, but not completely. The 
following method, due to Hr, E, FP. W. Alexanderson, of the General 
Electric Cos, was, through the courtesy of Ur. Alexanderson, studied as 
adaptod to our needs, and finally put into operation, 

The method is indicated by the diagram of Figure 20, The 
essential foatures are a combination of an ordinary continuous voltage 
regulator with a resonant alternating current circuit. Tho resonant 
circuit is excited by a 500 cycle generator, geared to tho shaft of 
the machine whose speed is to be controlled. The natural frequency 
of the tuning circuit is adjusted by variable reactance and capacity, 
so that the desired speed of the main generator is on the steep por- 
tion of the rising limb of the resonance curvos This circuit is 
loosely coupled to a circuit containing a vacuum tube rectifier and 
a part of one of the coils of the voltage regulator. When the speed 
rises for any reason, the current in the resonant circuit increases 
end thus operates the voltage regulator just as though there had 
boon a rise in voltage. The regulator is therefore affected by 
either a rise in voltage or a change in speed, or beth operating 
sinultaneously. The 500 cycle generator was taken from an Army radio 


“pack set” and weighed only 40 lbs. 











This method of speed control is very positive in action. 


The closeness of its control was tested by comparison with a tuning 


fork. By a system of mirrors the amplitude of 1 ning fork vibra- 
tion was groatly extended and a str 1 generator 
shaft pormitted a 
spood he main generator at 
found not to exceed .04%. 

iperature, or other slow variations of conditions, 
cause a slow g speed with the Alexanderson apparatus. 


glow changes, however, are of relatively small importance in their 


bearing on the balance of the detecting circuit. Sudden changes of 





small duration are the most troublesome. he use of the Aloxanderson 
method f greatly proved the conditions of balance. 
The tuning fork method is free from the slow changes due to 
in speed cons 
by using both tl ning rk control and th 


Alexandorson control on the same shaft. 
































APPENDIX B. 
CHOICE OF FREQUENCY. 

Early in the work at Baltimore a study was made, th a nun- 
ber of experimental submarine models, on the sensitivity of detection 
as affected by the alternating frequency. Some of the results are 
shown in Figure 21 and Table 8. 

The curves indicate t every thickness tried there is 
a frequency at which the deflection of the detecting instrument for a 
given distance of the submarine is a maximum. These curves wore all 
taken with approximately constant flux in the magnet. 

With a givon strength of field at the submarine, due to its 
magnetisation the electromotive forse in the detecting coil rises with 
the frequency. The influence of secondary currents and oddy currents 
set up in the hull, however, also increases with the frequency, thus 
resulting in an increasing demagnetising effect. The resultant max- 
imum may therefore be due to the preponderance of 


at the low frequency, and of the latter effoct at the high frequency. 


hickness of the submarine, as i cated by 


the curves, the maximum of detection signal tends toward lower fro- 
quencies. (See curve a, Fige 21, showing relation of thickness and 
maximum deflection). For the thickest submarine the maximum is alse 
more sharply marked. 

The earlier experiments with submarine models of the smaller 
thicknesses had indicated 30 cycles as the region of maximum sensitiv- 
ity. The latter exper 
still lower frequ 

However, the relative dis- 
tances and: stron; at submarine and coil wore different in 


several ir unc thus introducing factors which aro nocossarily 
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uncertain and which might therefore upset this conclusion. In any 


event, as indicated by the curves, there is relatively small gain 

in sensitivity in going from 30 cycles to say 15 cycles. As machines 
and other equipment pted to cyoles were readily available, and 
those of lower frequency not obtainable within a reasonable time, the 


experiments were continued at 30 cycles. 

















APPENDIX F. 
TESTS OF FORMULA 11. 


The relations shown in Formula (11) w tosted in the lab- 


oratery in an oxtensive series of experiments, Model submarinesof 
different longths, diameters, thicknesses and me were tried un- 
der as nearly as possible the same conditions. 


verse sixth power of Formula (10) was tested. 


made to include a complete account of 


When D has a value 





more nearly comparable with the value of d, t increase of 


h the decrease of proportional to some higher pewer 


244 


Tho conclusi 9 he ; paragraph was readily tested 


by reading the variation of tt in the detecting instrument with 


the approach of the. submarine. With D equal to 5 ft. 8 in. and d do- 


oreasi ft», the signals wore found to vary with approximately 
the inverse eighth power of d over t! tively shért distance in 


which the coz ison could be made. When D was reduced to 2 ft. or 
less, the average of a number of runs showed that the signal varied 
inversely as d to the power 662. A number of similar tests, all made 
with arrangemont A of Figure 1, sated the inverse sixth power 


was approached the smallor the 


tests as 1 ү Among the model 
were made with three m ls of ane si of different 
thicknesses, namely, and alse with 


two models of different diameters, y d nt thicknesses. 














(See Tables 9, 10 and 11). 
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ioned 


results of Tablo 10. 


ioreases di : me? the ratio of tho di- 


gnals being 1.91. 


10 resulto of a study of the influence of the thickness of 


Tablo 11, are not so definite. 
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Fig. 22. 


~ Magnetization of Submarine 




















actual submarino. It sooms quite possible that the caulking and paint- 
ing of tho plates may well interpose non-magnetic layors which would 


seriously offset the simple relations which are assumed in Formula (11). 


It was clearly recognised, through all the work of this character, that 


the experimental conditions probably differed markedly from those which 

would actually obtain in the case of the application to full siso sube 

marino. On the other ad, 1% appes 1 mat considerable ime 

portance that the approximate relations of tho formula should be tested. 
By the m à of 4 п of Formula (11), it is shown 


the distance of detection, using arrangenont B o 1, should 


nents, 
tost of this relation. m f test bh direction only 


ene will be given here: 


stance for the same signal - 15 ft. 


The ra f these tw noes is 2, indicati that tho tual 


character 
object 
دم‎ 


the 


for 


























АРРЕНрІХ 0. 
ELECTRICAL BALANCE IN TE ETECTING CIRCUIT. 


laboratory tests was the 
preper s z of the commutator for t maximum signal іп tho dotoot- 
ing due 4 he magnetised submarine, This question was answored 


experimentally y taki a number of detection observations with diffor- 


ent commutato 


rotating tho bal: ting 41 remaining fixed, and 


thon 


The 


therefore the propor 


coil by the mag= 
s9 subsequently checked 
ing dotestion observations for different 


r obtaini a balance then 


to 


inductive resistance 
» inductance being already balanced 
the commutator to 
zero. his setting tho 
current in the 8 roui 21 up into equal positivo and 
ative quarterewaves. Th 01 r ís then rotated 90 electrical 
will indicate, to a maximum degree, all 


aro in phase vith ihe 


by the main field. 























The non-inductive 


sorted 


could not be 


one problez 


crease 








grounded 
single stretch o 


44 
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gelvanometer noedle about 


stor and of changes in 





























copper 


























subsequently nd sondition obtained with all three of 


for example, there 


ng coil from 


rosidus 
eloctromotivo 


tive forces in 


cod 


00085 of 





circuit. 























presence became immediately evident in the balanced condition by 
galvanometer needle. The amplitude of this 
be norm two or three s of scale and thus 
became a ready means 
motive force. atio: , the needle is obviously 
eausod à x g up of the 30 cycle residual at its maximum point, 
sot for a disturbance differing in phase fron 
METHODS OF ELIMINATING RESIDUAL BLECTROMOTIVE FORCE, 
Following is a list of some of the mothods which were tried 
for oliminating the residual electromotive force in the detecting eir- 
the balancing coil with a nm-inductive resistance, so 
in the terminals of this resistance is in 
ve force in the detecting coil. 
he mothod finally adopted. The coil is rotated for balancing. 


roduce into the detecting circuit an electromotive force 


derived from the circuit exciting the magnet: 
4 3 


(a) By resistance in serios with tho magnet winding, 


(Fig. 23). 
ductivoly fr a coil in series with magnot 

winding and acting on the balancing coil. 

(a) Inductively from a coil excited by connection 
across a resistance 
winding and acting on 

(4) Inductively from a coil in parallel with the 
magnet winding. 

(ә) Inductively from a coil excited from the 


balancing coil. 
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Fig. 25. 
























































| eleotronotive force oxaotly equal and opposite 
tive force from a Drysdale alternating current 
a тагіопефег: 
from the main generator. 
phase generator mounted 
shaft of 
the balancing coil and insert in the detecting circuit 
electromotive force from the variometor exactly equal and opposito 


ectromotive forse in the detestir 1 due to the main magnet 


The resid electromotive force ш be neutralized by any 
one of the methods mentioned above, by the following experimental ad- 
justmonts: 


(1) Set the commutator for maximum current due to slectro- 


motive force in the detecting coil. (See Figure 23). 


(2) Balance C an y varying position or angle of 
ical degroos, that is, 
maximum current due to residual elestromotive force. 
(4) Balance out the residual by 
sistance in series with magnet winding, or by any o 
described in foregoing paragraphe 
(5) Shift commutator back 90 degroos. 
A greatly improved balance will result, but if not yet 
perfect, 1 above process is repeated. 
the above methods the conditio: the balance were great 
ly ıproved, but they were still found to be very sensitive to changes 
in frequency. Although the residual was found to be balanced out, 


there was always to be found, by rotating tho commutator or by taking 
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foregoing motheds of o 


electromotive disturbance 
tion made this type of disturb 
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plane should 
no electromotive force, 
s mentioned it was 
magnitude of the two compo 


oint, For 


position of M. was 


found to vary vith the p tic f CG be 1 and 2% of tho princi- 


the vector dia; 
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Very often the propor value of shunt resistance may be found 
the magnitude of the vibration, or “wiggle”, of the gal- 
vanometer needle, A variation of the shunt resistance is 


the amplitude of this vibration, This method obviates the necessity 
of shifting the commutator away from the position (2), but is not as 
exact as the complete outline, as givens 

Ordinarily only a fow minutos are required to make the com- 
plete balance adjustment, and once made a single adjustment is usually 


sufficiont to rebalance after any upse f balance due to 


ature changes. 


The stability of the balance be affected by a number of 
extraneous causes, and some encountered in this work are mentioned 
below: 

Inductive disturbance from circuits and machines even 
at considerable distances from the detecting circuit. These disturbe 
anges could, in somo casos, be noutralized by placi 
offending circuit in propor rolatior the detecting circuit. 

(2) Temperature changes often caused slow creeps of the 
galvanometor sero. nese changes are usually present unless the whole 
equipment has been warmed up by a sustained period of operation. 

(3) The harmonic residual always present in the best bal- 


ances appeared at maximum sensitivity as a vibration or shake of the 


galvanometor needle, quite different in ance the wiggle 


ББ. 


mentioned above. These disturbances may be 


filters, or pilot conduct (300 Appo 


(4) Mechanical vibration of the amplifier. 
was completely obviated by spring suspension of the amplifier. 
The many refinoments of E nation of disturb- 


ances, suggested in the foregoing гар! were studied and used 




















principally in the tests on shore, On shipboard the conditions, as 


regards mechanical vibration due to the ongines and motion in the sea, 
became the limiting factor when the sensitivity was increased. А1- 
though, as stated, 8. C. #326 vas unusually steady boat, 1% was 
nevortheless found that the changes in the rolative position of the 
magnet, detects and 1 acing coils, was the limiting factor; conso- 
use the extremes of amplification and 
on shore. Nevertheless, the sare 
to the olimination of disturbances had rosulted 
in the general makeup of the equipment that it 
on three and four stages of amplification in 
vitye This was approximately one stage loss 
than used in the best shore tests, and consequently many of the refine- 
ary in the latter tests fer eliminating disturbances were 
not necessary on shipboard. 
OTE OF BALANCE, 
foregoing discussion refors particularly to the arrange- 
of Figure le umbo f her arrangements of the 
One of 
namely, that in 1 h ti coil 
3ھ‎ 
practicable, by reason of 
of the rotating magnetic 
has to be bs out and it appears to be 
tive to frequency changes. It is possible 
tion and study thi ngemont could 
the electromotive force in 


therefore it can be balanced out by 


100 the balance of large 








electromotive (forces makes it correspondingly difficult to balance 


out their residual, it would appear that this method has some 


promise. 

















A serious limitation of the method of detection described 
in the body of this report is the requirement that the detecting vessel 
be of wooden construction. It is obviously highly desirable that any 
method of detection should be suitable for installation оп a destroyer 
or other type of patrol vessel having a steol hull, The possibility 
of using tho stool hull as the core of the magnet was suggested by 


Lieutenant Colonel Mershon early in the investigations. A number of 





experimonts were made at Johns Hopkins University on the sub narine 





models which have been described in other parts of this roport. 
The models used were those which have been described аз 5, 


and Sy and which in these experimente and the accompanying figures and 





curvos des 


E 


#10 B. & 8. 





nabod Dyg and Due A coil of 234 turns o 
magnet wire was placed around the model at ite contre and excited with 
80 volts, 30 cyolos of alternating current. Experiments were made with 


D 





хх In its ori zinal form and so after it had boon slit longitudi- 


mally, ieee, along опе element through its entire length, 
The detecting coils used wore about 1 ft. in diameter and had 
300 turns each. They were flexible so that they could be fitted close- 
۶ 


ly to the sides of tho model. In one arrangsment two of those coils 


were bals 





nst each other, one being placed on each side of the 
model near the bow, as indicated in Figure 28, 


tion of the magnetic flux over the length of the 





model is 





in Fige 31, where the alternates roprosent tho olectro- 


motive force in a test coil located at di 





mt positions along the 


length. The distribution is seen 





ne for models of 








differe thickness and also for the model one end 





to the other along one olomente 
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